Viable gut passage of cyanobacteria through the filter-feeding fish Viable gut passage of cyanobacteria through the filter-feeding fish Atlantic menhaden, Brevoortia tyrannus Atlantic menhaden, Brevoortia tyrannus KD Friedland DW Ahrenholz LW Haas
We examined the contents of the alimentary tract of juvenile Atlantic menhaden, an obligate filter-feeding fish, with epifluoresence microscopy. All plankton taxa and detrital material observed in plankton samples from the sampling area could also be found in the esophagus of the fish. The corresponding plankton taxa were absent from the pre-feces sampled in the hindgut with the exception of cyanobacteria, which were found intact and fluorescing as they do in nature. The survival of cyanobacteria during gut passage and their presence in menhaden feces may enhance both nutrient availability and the delivery of these cells to the benthos. Additionally, diatoms frustules were found in the pre-feces, which may affect the sequestration of biogenic silica. These results may have bearing on the formation of cyanobacteria blooms, nutrient flow in estuaries and the delivery of material to the sediment.
I N T R O D U C T I O N
Atlantic menhaden, Brevoortia tyrannus, is an obligate filter feeding fish distributed along the East Coast of the United States. As juveniles, menhaden live in the mesohaline and oligohaline zones of estuaries where their distribution is often positively correlated with phytoplankton abundance (Friedland et al., 1989; Friedland et al., 1996) . The plankton filtering capability of juveniles can be inferred from clearing rate data for 14-cm fork length fish, which represents the upper limit of the juvenile size spectra. These fish can filter uniformly sized particles in a range of 7-9 mm in diameter at filtration efficiencies of approximately 10% (Friedland et al., 1984) . Of greater relevance to fish in the wild, particle retention at size is enhanced when a background of other particles is present, typical of a water column with detritus and other plankton particles (Friedland et al., 1984) . This effect causes menhaden to retain cells smaller than their effective filtering capability. There is an ontogenetic shift in filtering capability as the fish increase in age and size. The effective pore size of the gill rakers of menhaden juveniles typical of spring and summer nursery residents (7.5-cm fork length) is 60% of the pore size of 14-cm fish, suggesting that juveniles can retain picoplankton including bacteria and cyanobacteria (Friedland, unpublished data) . Menhaden adults (26-cm fork length) start to show significant filtration efficiencies on particles >20 mm and filter zooplankton at higher efficiency than juveniles (Durbin and Durbin, 1975) .
The role of menhaden in coastal and estuarine ecosystems has long been an area of intense interest. McHugh (McHugh, 1967) concluded that the annual harvest of menhaden from the Chesapeake Bay could filter the water of the entire Bay twice in the span of 24 h, suggesting that menhaden filter ecologically significant volumes of water and may have the capacity to affect 'top down' control on some plankton components. A more direct ecological effect was observed by Oviatt et al. (Oviatt et al., 1972) who showed that menhaden schools locally decreased phytoplankton and increased ammonia concentrations. Durbin and Durbin (Durbin and Durbin, 1998 ) constructed a bioenergetics model for migrating adult menhaden grazing in Narragansett Bay that illustrated their role in both creating spatial heterogeneity in plankton prey and in the transformation and transport of nutrients accounting for upward of 6% of the total nitrogen exported annually from the Bay system.
The ecological role of menhaden is more complex and intriguing in estuaries typically used as nurseries by juveniles. These systems may receive juvenile recruitments numbering in the tens of billions of fish, which has stimulated interest in the capability of these systems to sustain the growth of such large numbers of fish (Luo et al., 2001) , the role of menhaden as a mechanism of nutrient removal (Gottlieb, 1998) and the interaction with other fish such as striped bass which prey on menhaden (Uphoff, 2003) . The fish tend to concentrate in the shoal portions of estuaries (Friedland et al., 1996) , which means they are feeding on plankton influenced by nutrients from both freshwater input and benthic regeneration. Additionally, their proximity to the benthos could contribute to benthos-related processes.
We collected plankton water samples and juvenile menhaden from the Neuse River in North Carolina, USA over six collection dates during 1983. The phytoplankton were enumerated from water samples collected by simple bottle grabs at the surface at each location a fish trawl was made. An inventory of major seston categories present in the water column was made by staining preserved phytoplankton with proflavin hemisulfate and examining them with epifluorescent microscopy (Haas, 1982) . The fish were collected live in a surface trawl (Friedland et al., 1989) and kept on ice until return to the laboratory, usually within one hour. At least five fish were dissected each collection day and the contents of the alimentary canal were sampled at several locations (June and Carlson, 1971) . The two locations we report on are the esophagus immediately behind the epibranchial organs (Friedland, 1985) and the hindgut or the region immediately before the anal vent. Contents in the latter location can be expected to be identical to material excreted by the fish, i.e. pre-feces. The material in the gut tract was eluted with 0.2 mm filtered seawater and stained with the same proflavin hemisulfate stain used for the water column plankton samples and examined with epifluorescent microscopy.
The phytoplankton cells found in the esophagus were generally intact and were readily observed as they autofluoresced red or orange amongst the dull green background of detrital material. It was also possible to identify bacteria cells, which were often associated with clumps of detritus. We found that all of the major taxonomic groups of plankton observed in the water samples were also represented in the material concentrated in the esophagus (Table I) . This confirmed that the fish were ingesting most plankton taxa available in the water column. The hindgut samples were dominated by detrital material, with two exceptions. We saw empty diatom frustules and many intact, autofluorescing coccoid cyanobacteria cells, likely the genus Synechococcus. The cyanobacteria, which were on the order of 1-2 mm in diameter, had the same physical appearance and autofluoresced the same color as cells observed in both the water samples and in the esophagus material. The constituents of the esophagus were different than observed in the hindgut (sign test, p = .004).
Cyanobacteria, appearing in a number of different forms, are considered symptomatic of eutrophication in estuaries (Paerl et al., 2003) . Many cyanobacteria are filamentous and may not be ingested by menhaden, but the coccoid cyanobacteria, genus Synechococcus, is a major component of the estuarine phytoplankton community in regions utilized by menhaden (Ray et al., 1989; Davis et al., 1997) . Though difficult to quantify, some fraction of the standing crop of these coccoid forms must be ingested by menhaden in Chesapeake Bay and its tidal subestuaries.
We can identify several potential problems with the interpretation of these data. First, the absence of other phytoplankton taxa in the prefecal material might represent a false negative. Gut passage times for menhaden are on the order of hours, so we can't categorically dismiss the possibility of a false negative since we didn't sample the water that would have been precursor to the pre-feces we sampled. However, for a false negative to occur, juvenile menhaden in North Carolina would have had to have filtered over long periods and in multiple locations, monocultures of cyanobacteria. We believe this is highly unlikely. Second, the presence of cyanobacteria in the pre-feces might have been a false positive. This could only occur through contamination of the prefeces samples. We cannot identify a source of contamination that would introduce only these cells into the pre-feces. Finally, were the cyanobacteria we observed viable cells possessing a mucoid layer needed to resist digestion? The presence of a mucoid outer layer is typical of many but not all coccoid cyanobacteria (Perkins et al., 1981) . Coccoid cyanobacteria are typically grazed by eucaryotic microflagellates and commonly observed in their food vacuoles (Perkins et al., 1981; Haas, 1982; Ray et al., 1989) . In one instance, the first stages of digestion for coccoid cyanobacteria ingested by a heterotrophic flagellate, based on the disappearance of autofluorescence in recently ingested cells, was observed to be about 3 min (Sieracki et al., 1987) . If the cyanobacteria were digested by menhaden, we should not have seen autofluorescencing cells in the pre-feces. The complete absorption of cells by heterotrophs may take many hours (Ö pik and Flynn, 1989) , but the appearance of intact cells in the menhaden hindgut, after traversing the alimentary canal of the fish, further supports the contention that the cells were undigested. The role of fish gut passage in enhancing cyanobacteria productivity has recently been reported for a number of species residing in eutrophic lakes. Lewin et al. (Lewin et al., 2003) showed that some cyanobacteria have mucilaginous coverings that provide protection during fish gut passage. In addition to surviving gut passage through lake roach, Rutilus rutilus, it was shown experimentally that one of the dominant cyanobacteria species ingested by roach, Microcystis spp., has enhanced phosphorus uptake while in the alimentary canal of the fish. Kolmakov and Gladyshev (Kolmakov and Gladyshev, 2003) reported that Microcystis aeruginosa had significantly increased growth and potential photosynthesis after gut passage through a carp species Carassius auratus. However, the growth of other forms like the single-celled Synechocystis salina were not increased. It would be of interest to know whether menhaden have an important role in enhancing the development of cyanobacteria blooms in coastal ecosystems through some mechanism related to gut passage. Even if gut passage did not enhance the nutritive state of the cyanobacteria, if they remain in the water column after being voided by the fish, the observation that competing phytoplankton were removed through menhaden feeding and digestion, should favor cyanobacteria by the reducing competition for water column nutrients.
Alternatively, menhaden, and in particular menhaden juveniles, may be accelerating the deposition of cyanobacteria and detritus to the benthos in estuaries. It appears that large zooplankton and fish feces make a much larger contribution to the sedimentary flux of material to the benthos than initially thought (Turner, 2002) . The delivery of both live cells and other organic material to the benthos has been viewed as a rate process related to cell size and nutritional condition and the activity of various planktivores. Nanophytoplankton (i.e. <20 mm) are less likely to sink appreciably on their own and the fecal pellets of small zooplankton appear to contribute less to sedimentary flux than initially thought due to the recycling of their feces that occurs in the water column. Instead, large zooplankton and fish produce fecal pellets more likely to stay intact and sink fast enough to be deposited. Considering that the distribution of juvenile menhaden is concentrated in specific regions of the estuary (Friedland et al., 1996) , and the relatively shoal nature of these areas, this flux may be intense.
The presence of diatom frustules in menhaden prefeces may be an indication of sequestration of silicon that contributes to the seasonal shift in estuarine plankton communities. The spring bloom of diatoms and zooplankton typical of temperate estuaries provides a size spectrum of food that facilitates rapid growth of fish and shellfish (Officer and Ryther, 1980) . The shift to communities dominated by flagellates and cyanobacteria is considered indicative of nitrogen and phosphorous loading, but also may be related to transient declines in water column silicon (Turner and Rabalais, 1994; Rocha et al., 2002) . This introduces another potential interaction between menhaden and the plankton community; menhaden feeding and defecation may accelerate the removal of silica from the water column of estuaries and thus contribute to the conditions that favor the community shift to flagellates and cyanobacteria. Durbin, E. and Durbin, A. (1975) Grazing rates of the Atlantic menhaden Brevoortia tyrannus as a function of particle size and concentration. Mar. Biol., 33, 265-277.
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